r e s i s t o r s and caDacitors) and nonlinear elements ABSTRACT I n t h i s c o n t r i b u t i o n a g e n e r a l purpose d i g i t a l l y controlled analog f i l t e r is p r e s e n t e d . The novel d e s i g n i s a c a s c a d e of second order s e c t i o n s t h a t a r e i n d i v i d u a l l y programmed t o a c h i e v e any f i l t e r i n g t o p o l o g i e s . Two-binary words a r e used t o control t h e p o l e f r e q u e n c y up and s e l e c t i v i t y Qp of each s e c t i o n independently. Each second order s e c t i o n is a GeneralizedImmittance c o n v e r t e r ( G I C ) b i q u a d s which a r e known f o r t h e i r h i g h s t a b i l i t y and low a c t i v e and passive s e n s i t i v i t y . CMOS switches a r e used t o e l e c t r o n i c a l l y r e l o c a t e t h e minimum number of p a s s i v e e l e m e n t s t o a c h i e v e f u n c t i o n p r o g r a m m a b i l i t y .
I n t h i s c o n t r i b u t i o n a g e n e r a l purpose d i g i t a l l y controlled analog f i l t e r is p r e s e n t e d . The novel d e s i g n i s a c a s c a d e of second order s e c t i o n s t h a t a r e i n d i v i d u a l l y programmed t o a c h i e v e any f i l t e r i n g t o p o l o g i e s . Two-binary words a r e used t o control t h e p o l e f r e q u e n c y up and s e l e c t i v i t y Qp of each s e c t i o n independently. Each second order s e c t i o n is a GeneralizedImmittance c o n v e r t e r ( G I C ) b i q u a d s which a r e known f o r t h e i r h i g h s t a b i l i t y and low a c t i v e and passive s e n s i t i v i t y . CMOS switches a r e used t o e l e c t r o n i c a l l y r e l o c a t e t h e minimum number of p a s s i v e e l e m e n t s t o a c h i e v e f u n c t i o n p r o g r a m m a b i l i t y .
S w i t c h e s a r e a l s o used t o s e l e c t t h e number o f c a s c a d e d s e c t i o n s t o
r e a l i z e higher order t r a n s f e r functions.
INTRODUCTION (switches) have been demonstrated using s w i t c h e d c a p a c i t o r t e c h n i q u e s [I-31.
I n t h i s contribut i o n , w e are presenting t h e r e s u l t s of r e a l i z i n g a c o n t i n u o u s a c t i v e device using l i n e a r elements and s w i t c h e s c o n t r o l l e d by d i g i t a l s i g n a l s t o a c h i e v e a f u l l y p r o g r a m m a b l e f i l t e r [ 4 ] . S e v e r a l programming f e a t u r e s of t h e p r o p o s e d f i l t e r a r e r e p o r t e d . The f i r s t f e a t u r e is t h e a b i l i t y of t h e n e t w o r k t o r e a l i z e t h e m o s t common f i l t e r i n g f u n c t i o n s (function programmab i l i t y ) namely: Low Pass ( L P ) , Band Pass ( B P ) , H i g h P a s s ( H P ) , A l l P a s s ( A P ) and Notch(N) f u n c t i o n s , u s i n g t h e minimal s e t of e l e m e n t s . The second f e a t u r e i s t h e a b i l i t y of t h e network t o program (independently) t h e key parameters of t h e f i l t e r i n g function chosen (parameter programmability) namely: t h e p o l e r e s o n e n t f r e q u e n c y ( u p ) and s e l e c t i v i t y (Qp). Finally t h e a b i l i t y t o program t h e network t o cascade several sect i o n s t o a c h i e v e h i g h e r o r d e r f i l t e r . A l l of t h e above programmability f e a t u r e s are performed independently t o r e a l i z e a u n i v e r s a l f i l t e r i n g network.
The a v a i l a b i l i t y of a n a n a l o g f i l t e r w i t h d i g i t a l l y controlled ttprogrammableft c o e f f i c i e n t s has been t h e goal of many researchers due t o its several a t t r a c t i o n s . One p o s s i b i l i t y of a com-2. DESIGN ANALYSIS OF THE PROPOSED FILTERS p a c t , v e r s a t i l e a n a l o g f i l t e r under remote c o n t r o l ooens U D many n o v e l a n d i n d e D e n d e n t a p p l i c a t i o n a r e a s . A l s o , when a programmable f i l t e r i s combined w i t h a permanent r e f e r e n c e memory which i s user-programmable, t h i s would form a n economical and v e r s a t i l e d e v i c e f o r d e d i c a t e d s t a n d -a l o n e a p p l i c a t i o n s . The need f o r such a device was m o t i v a t e d by advancement i n f i l m and semiconductor technologies a s well as t h e continuous upgrading of systems specificat i o n s t o t a k e a d v a n t a g e o f t h e a v a i l a b l e technologies t o t h e l i m i t s .
L i n e a r analog f i l t e r i n g f i n d s many applicat i o n s , such as speech processing ( r e c o g n i t i o n o r s y n t h e s i s ) , geology, instrumentation, communicat i o n s , process c o n t r o l , adaptive b a l a n c i n g , e t c . There h a s been much emphasis on performing t h e f i l t e r i n g function d i g i t a l l y , l a r g e l y because of t h e e a s e of v a r y i n g and optimizing t h e t r a n s f e r f u n c t i o n . However, f o r many r e a s o n s , such a s c o s t , s i z e , s i g n a l p r o c e s s i n g c o m p l e x i t y , and bandwidth, it would be d e s i r a b l e t o perform t h e f i l t e r f u n c t i o n w i t h l i n e a r components y e t r e t a i n t h e f l e x a b i l i t y of v a r y i n g t h e f i l t e r parameters d i g i t a l l y .
R e c e n t l y , t h e a d v a n t a g e s o f c o m b i n i n g l i n e a r components (operational a m p l i f i e r s (OAS) , U.S. Government Work. Not protected by U.S. copyright. The b a s i c a c t i v e network considered here as t h e h e a r t of t h e programmable f i l t e r i s t h e second o r d e r G e n e r a l i z e d Immittance Converter ( G I C ) s t r u c t u r e [ 5 ] , F i g . 1 , whose s u p e r i o r performance was e s t a b l i s h e d i n t h e l i t e r a t u r e [ S I . The g e n e r a l t r a n s f e r f u n c t i o n r e a l i z e d T ( s ) is given by:
The G I C t r a n s f e r f u n c t i o n s of F i g . 1 assuming non-ideal O A s a r e given by -.,-.,-.*j 1
S t a b i l i t y and s e n s i t i v i t y analysis:
An i m p o r t a n t c r i t e r i o n of a r e a l i z a t i o n is its s e n s i t i v i t y t o element v a r i a t i o n s . T h e G I C s e n s i t i v i t y a n a l y s i s has shown t o be a s good or b e t t e r t h a n a l l c o m p e t i t i v e second o r d e r n e tworks C61. W h i l e t h e G I C s t a b i l i t y can e a s i l y b e d e m o n s t r a t e d s i n c e i n a l l t h e t r a n s f e r f u n c t i o n s (21, t h e c o e f f i c i e n t s of D ( s ) 
are seen t o remain p o s i t i v e f o r any OA mismatch. T h i s i s due t o t h e ;absence of n e g a t i v e t e r m s i n D(s).
Therefore thi? z e r o s of D ( s ) w i l l remain i n t h e l e f t -h a l f 5;-plane and low f r e q u e n c y u n s t a b l e modes cannot a r i s e during a c t i v a t i o n .
Function programmability:
T h e o b j e c t i v e o f t h i s r e s e a r c h was t o develop a d e v i c e t h a t i s c a p a b l e of r e a l i z i n g t h e f o l l o w i n g t r a n s f e r functions: LP and N where T ( s ) = ( s 2 + w z 2 ) / D ( s ) . PByPoptimizing t h e d e s i g n of t h e f i l t e r , it was found t h a t a l l of t h e above! f u n c t i o n s can be r e a l i z e d by t h e second o r d e r G I C s e c t i o n u s i n g four r e s i s t o r s , two capacitors and two OAs a s shown i n T a b l e 1 . These passive elements a r e connected t o d i f f e rent nodes t o a c h i e v e t h e v a r i o u s r e a l i z a t i o n s . A s e t of CMOS b i l a t e r a l s w i t c h e s controlled by d i g i t a l b i n a r y word, a r e used t o r e l o c a t e t h e same elements i n d i f f e r e n t ways t o achieve t h e d e s i r e d f i l t e r i n g functions according t o F i g . 2.
The t r u t h t a b l e of t h e switches control l o g i c is shown i n Table 2 
Paramater programmability:
W h i l e f o u r of t h e r e s i s t o r s a r e e q u a l and of v a l u e R e a c h , t h e f i f t h r e s i s t o r i s t h e Q p d e t e r m i n i n g r e s i s t o r and of value Rq=RQp. Thus, f u l l independent control of t h e pole p a i r up a n d Q p 3re a c h i e v e d b y programming t h e d i g i t a l words c o n t r o l l i n g t h e switches t o obtain t h e corresponding c and Rq. The complete second o r d e r programmable f i l t e r i s shown i n F i g . 6 a where t h e f u n c t i o n programmability a s well as t h e parameter programmability are demonstrated.
Higher order programmability: A c t i v e f i l t e r s d e s i g n p r o c e d u r e can b e c l a s s i f i e d a s d i r e c t o r c a s c a d e . I n d i r e c t s y n t h e s i s p r o c e d u r e s t h e t r a n s f e r f u n c t i o n is r e a l i z e d as a s i n g l e s e c t i o n [71. I n c a s c a d e s y n t h e s i s p r o c e d u r e s a h i g h o r d e r t r a n s f e r function is expressed as a p r o d u c t of f i r s t and s e c o n d o r d e r t r a n s f e r f u n c t i o n s and each of t h e s e i s r e a l i z e d i n d e p e n d e n t l y . The o v e r a l l network i s o b t a i n e d by cascading t h e individual s e c t i o n s .
T h e c a s c a d e method o f s y n t h e s i s o f f e r s two p r a c t i c a l a d v a n t a g e s ( a ) s i m p l e n e t w o r k t u n i n g ( b ) a f e w number of u n i v e r s a l s e c t i o n s c a n be d e s i g n e d which c a n r e a l i z e a multitude of network s p e c i f i c a t i o n s . Fig.6 .E. shows a block diagram of a programmable h i g h e r o r d e r f i l t e r t h a t u t i l i z e s t h e second p r o c e d u r e by c a s c a d i n g 2 o r more s e c t i o n s of t h e f i l t e r network shown i n Fig. 6 .a.. The r e s u l t i s a h i g h o r d e r f u l l y programmable g e n e r a l purpose f i l t e r , t h a t can be t a i l o r e d t o match almost any proposed s p e c i f i c a t i o n .
The s e c o n d o r d e r G I C network s t r u c t u r e lends i t s e l f t o t h e cascade s y n t h e s i s p r o c e d u r e s i n c e i t does n o t r e q u i r e a d d i t i o n a l i s o l a t i n g amplifiers.

C O M P U T E R S I M U L A T I O N S A N D E X P E R I M E N T A L VERIFICATIONS:
F i g . 7 shows d i f f e r e n c t computer simulation outputs of t h e programmable f i l t e r . The p l o t s s i m u l a t e t h e f i l t e r responses assuming ideal O A s with i n f i n i t e Gain Bandwidth Products ( G B W P ) , a s well a s p r a c t i c a l f i l t e r responses assuming O A ' s f i n i t e GBWPs of 1 MHz a s of t h a t of t h e LM741 OA. A s i n g l e p o l e OA model was u t i l i z e d t o approximate t h e f i l t e r t r a n s f e r f u n c t i o n s i n t h e l a t e r c a s e .
T h e a p p r o x i m a t i o n was found a d e q u a t e s i n c e t h e s i m u l a t i o n r e s u l t s of t h e n o n i d e a l r e s p o n s e were found t o be of c l o s e proximity t o t h e experimental r e s u l t s of Fig. 8 . The e x p e r imental r e s u l t s were o b t a i n e d using a three b i t word f o r f i l t e r topology p r o g r a m m a b i l i t y t o s e l e c t t h e t y p e of t r a n s f e r f u n c t i o n s . A two words, four b i t s each, were used f o r f i l t e r param e t e r s p r o g r a m m a b i l i t y w h e r e wp.and Q a r e c o n t r o l l e d i n d e p e n d e n t l y a s g i v e n in Tabfe 3. F i g . 7 a l s o i l l u s t r a t e s a higher order programm a b i l i t y where a f o u r t h o r d e r c h a r a c t e r i s t i c s a r e shown f o r a LPF and a Chebychev BPF.
CONCLUSION
T h e n o v e l d e s i g n d e s c r i b e d h e r e h a s r e s u l t e d i n a universal programmable f i l t e r t h a t can be d i g i t a l l y c o n t r o l l e d t o r e a l i z e almost any p r a c t i c a l f i l t e r s p e c i f i c a t i o n s . T h i s i s done through the use of CMOS switches controlled by b i n a r y codes t o program t h e o r d e r o f t h e f i l t e r , t h e f i l t e r t o p o l o g y , t h e f i l t e r center frequency and s e l e c t i v i t y . The design p r o c e d u r e r e q u i r e d d e v e l o p i n g optimum switching arrangements f o r t h e minimum redundancy i n components a n d t h e l e a s t d e p e n d e n c e o f t h e f i l t e r i n g f u n c t i o n on s w i t c h i n g i m p e r f e c t i o n s s u c h a s s w i t c h e s s t r a y c a p a c i t a n c e s and non-zero and non-linear switch-on resistance. Further investi g a t i o n i s being conducted t o develop a programmable s w i t c h e d c a p a c i t o r r e a l i z a t i o n t h a t can a l l o w f r e q u e n c y s c a l i n g b y c h a n g i n g c l o c k f r e q u e n c y . Work i s a l s o i n p r o g r e s s f o r d e v e l o p i n g a n extended bandwidth programmable f i l t e r using t h e composite operational a m p l i f i e r t e c h n i q u e proposed e a r l i e r by the author. Suclh i m p l e m e n t a t i o n would l e a d t o a v e r y u s e f u l monolithic device a t moderate c o s t . B.P.F R e a l i z a t i o n f o r d i f f e r e n t f r e q u e n c i e s F i g . 8 E x p e r i m e n t a l R e s u l t s
